Abstract Pentachlorophenol (PCP) bioremediation by the fungal strains amongst the cork-colonising community has not yet been analysed. In this paper, the co-and direct metabolism of PCP by each of the 17 fungal species selected from this community were studied. Using hierarchical data analysis, the isolates were ranked by their PCP bioremediation potential. Fifteen isolates were able to degrade PCP under co-metabolic conditions, and surprisingly Chrysonilia sitophila, Trichoderma longibrachiatum, Mucor plumbeus, Penicillium janczewskii and P. glandicola were able to directly metabolise PCP, leading to its complete depletion from media. PCP degradation intermediates are preliminarily discussed. Data emphasise the signiWcance of these fungi to have an interesting potential to be used in PCP bioremediation processes.
Introduction
Pentachlorophenol (PCP) was Wrst produced in the 1930s as a wood preservative. Subsequently, it has been used worldwide as a herbicide, biocide and pesticide, resulting in signiWcant contamination of terrestrial and aquatic ecosystems [13] . Due to health and environmental concerns, PCP use is now widely restricted, but it is still authorised, e.g., as a wood preservative. Importantly, man-made PCP has the potential for long-range atmospheric transport, representing an indirect source for the contamination of human foods and drinking-water (for revision see, e.g., [7, 15] ). PCP is considered a priority hazardous substance and is believed to be an endocrine disruptor, reinforcing the concerns of the consequences of long-term exposure to humans and wildlife [7] . Recently, Taylor et al. [33] evaluated PCP for its ability to aVect natural human killer cell function and demonstrated that 10 M PCP for 1 h caused a progressive loss (>80%) of lytic function within 6 days of exposure.
Currently available approaches to pollution mitigation, such as incineration and storage, are expensive, ineYcient and lead to additional environmental problems through the introduction of hazardous by-products. The most promising approach is bioremediation exploiting the catabolic capability of microorganisms. Numerous reports have shown that PCP is degraded in the environment by microorganisms (e.g., [25, 31, 35] ), further emphasising the potential of bioremediation for its eYcient elimination. Filamentous fungi are unique microorganisms, ensuring the degradation of the lignocellulose plant polymers: the most important degradation event in the carbon cycle of earth. There are about 72,000 named species, and new species are being added at the rate of about 700-1,500 each year [4] .
PCP bioremediation by basidiomycetes and ascomycetes (and zygomycetes) fungi has not been fully assessed, as the latter are less studied. The best-studied basidiomycete, the white-rot fungus Phanerochaete chrysosporium, is known to mineralize several chlorinated phenols, including PCP [20] . The pathway for the degradation of PCP has been elucidated, identifying as the main metabolites: tetrachlorobenzoquinone (TeCBQ) and tetrachlorodihydroquinone (TeCHQ). The pathways, presumably, lead to CO 2 mainly through reductive dechlorination reactions. However, PCP degradation is not an exclusive feature of white rot fungi; neither can it be correlated solely with ligninolytic strains [19] . For example, the brown rot species Gloeophyllum striatum and G. trabeum eYciently degraded PCP in the absence of ligninolytic activities [9] . Additionally, PCP disappearance is also eYciently mediated by non-producing and producing phenoloxidases ascomycetes [19] . That is the case for the nonligninolytic ascomycete Trichoderma harzianum that can actively degrade PCP [36] .
Cork, a material of vegetable origin, is the bark of the cork oak (Quercus suber), whose main component is suberin, a complex aromatic biopolymer structurally related to lignin and, accordingly, highly resistant to degradation. Several soft rot species, amongst the cork-colonising consortia, were able to completely perforate the cork cell wall, suggesting their biodegradation ability [29] . Cork-colonising fungi isolates were also observed to degrade some chlorophenols, leading to the formation of chloroanisoles as a minor [28] or major intermediate [1] .
In this study, the co-and direct metabolism of PCP by each of the 17 fungal strains selected from the cork-colonising community were studied. Data ranked the isolates by their PCP bioremediation potential, and surprisingly 15 of the fungal strains degraded PCP up to a certain level.
Materials and methods

Biological
All fungal strains used were environmental isolates previously isolated from cork samples purchased from several Portuguese cork industries [8, 17, 30] 
Fungal cultures
Each fungal strain was conserved as a suspension of spores in glycerol (10%, v/v) at -80°C. The fungal spore suspensions were prepared as previously described [28] . BrieXy, the spores were harvested from fungal colonies after ageing for 15 days at 27°C on malt extract agar (Merck) or dichloranglycerol agar (Oxoid) with a saline solution (0.085 g/l NaCl), Wltered through glass wool and washed by repeated centrifugation at 4°C (20,000g, 20 min). The spore suspension was allowed to thaw slowly at 4°C and washed in minimal medium (see below) before being used. The optical density (scatter) of the suspension was measured at 600 nm and calibrated by counting the number of spores in a haemocytometer. The initial fungal spores' density in the cultures was standardised to 10 5 spores/ml. Fungal cultures were grown in media containing sodium nitrate as the sole source of nitrogen. The minimal culture media contained, per liter of water, 1 g K 2 HPO 4 ; 3 g NaNO 3 ; 10 mg ZnSO 4 · 7H 2 O; 5 mg CuSO 4 · 5H 2 O; 0.5 g MgSO 4 · 7H 2 O; 10 mg FeSO 4 · 7H 2 O; 0.5 g KCl and glucose: 0 and 10 g for minimal media (MM) and glucose minimal media (GMM), respectively. For the PCP degradation experiments the toxic was added to the culture media from a concentrated stock solution (7.5 g/l) in ethanol. The Wnal PCP concentrations in the media ranged from 0 to 20 mg/l, thus guaranteeing that ethanol was not aVecting fungal growth (data not shown).
PCP degradation experiments
The inhibitory eVect of PCP on fungal spore germination was inferred by measuring the optical density of the culture media at 600 nm during the incubation period. The method used was adapted from a method for the determination of the broth microdilution minimal inhibitory concentration (MIC) [10] . BrieXy, 250 l of the culture media (MM or GMM) containing a Wnal PCP concentration in the range 1-20 mg/l was spread onto 96-well microtitre plates. The fungal spore suspensions were used to inoculate the culture media, and the plates were incubated in an incubation chamber (Aralab Clima Plus) at 27°C and 70% relative humidity, in the dark, for a maximum period of 60 days. The experiments were performed in quadruplicate, including controls without PCP and controls for PCP abiotic decay.
After incubation a chloramphenicol solution (Sigma) in ethanol (for volume normalisation) was added to the wells. The culture media were centrifuged at 4°C for removal of cell debris and solids (20,000g, 20 min . PCP and other chlorinated compounds were detected at 230 nm. The chromatographic separation was carried out using a Symmetry C18 column (4.6 £ 250 cm), 5-m particle size (Waters Chromatography) and set at 35°C. The mobile phase, at a Xow rate of 0.8 ml/min, consisted of a solution of 0.1% phosphoric acid (solvent A) and acetonitrile (solvent B). The gradient program was implemented as follows: 90-1.0% of A in 30 min, 2 min to return to the initial conditions and 10 min to re-equilibrate the column to the initial conditions. The external standard method was used for PCP quantiWcation (retention time: 30.3), within the limits of 0.1-15 mg/l.
Pure standards of the following chlorinated compounds were also analysed: hydroquinone (HQ) (Aldrich), chlorohydroquinone (CHQ) (Aldrich), tetrachlorohydroquinone (TeCHQ) (Sigma), 2,6-dichloro-1,4-benzoquinone (DCBQ) (Aldrich), tetrachloro-1,4-benzoquinone (TeCBQ) (Riedelde Haën) and pentachloroanisole (PCA) (Sigma) (retention times: 6.3, 12.6, 21.4, 19.9, 22.1 and 35.6; respectively). All HPLC solvents used were of the highest analytical grade, and water was obtained from a Milli-Q system (Millipore).
Glucose quantiWcation
Glucose analysis was undertaken using the HPLC system described above, connected to a LKB 2142 DiVerential Refractometer (Bromma) detector. Data acquisition was as previously described and chromatographic separation undertaken using an Aminex HPX-87H (300 £ 7.8 mm), 9-m particle size (Bio-Rad) and set at 60°C. Elution was carried out isocratically, at a Xow rate of 0.5 ml/min, with 0.005 N of H 2 SO 4 . For the quantiWcation the external standard method was also used (quantiWcation limits: 0.125-50 g/l).
Detection of PCP degradation intermediates
The HPLC software (Millenium32 version 3.05.01, 1998, Waters Chromatography) was used to retrieve the full peak list of each 230-nm chromatographic analysis. Integration parameters (equal to those used to integrate the PCP peak) were set to: peak width = 15.0, threshold = 30.0, minimum area = 0 and minimum height = 300. Only the peaks detected between 6.5 and 35 min were considered. PCP and chloramphenicol peaks were used to align the chromatograms. The peak lists were initially compared using Microsoft Excel tools (pivot tables) to select data containing solely the peaks that were PCP dependent. The retention times of the peaks in the resulting matrix were compared to those of the pure standards, which provided preliminary identity.
Computational interpretation of data
The numerical data for PCP decay-PCP d (calculated as the percentage of PCP removed from the media relatively to its initial concentration) and residual glucose-G r (calculated as the percentage of glucose in the media relatively to its initial concentration) were analysed by hierarchical cluster analysis using the complete linkage between the groups calculated by the squared Euclidian distance method (SPSS v. 16.0). The distance between two clusters was calculated as the greatest distance between the members of the relevant clusters.
Results
Fungal growth behaviour in the presence of PCP
The inhibitory eVect of PCP on germination ability of the fungal spores under co-metabolic conditions (GMM) was inferred measuring the optical density of the submerged culture media at 600 nm during the incubation period. Increase of absorbance was taken as an indication of growth. Spore formation (gauged by eye) and/or the absorbance approaching a constant value indicated that the culture had entered a stationary growth phase. The fungal isolates can be divided into four main groups according to their PCP tolerance level (mg/l): 5 · [C. Table 1) . For each fungal strain, the growth curve in GMM containing PCP can provide additional information on its toxicity (example shown in Fig. 1 ). In fact, for example in the growing cultures of C. sitophila, the lag phase of growth increases (5 mg/l PCP), but in M. plumbeus the growth curves are either rather similar (5 mg/l PCP) or suggest a lower production of fungal biomass (10 mg/l PCP) (see Fig. 1 ).
PCP abiotic degradation
Analyses of the abiotic degradation of PCP in the non-inoculated media (MM and GMM) were made to evaluate the contribution of physical-chemical events in the overall decay. Abiotic decay of PCP in the GMM and in the MM were 33 § 10% and 7.5 § 1.5%, respectively. Independent tests on PCP absorption to the plates, the fungal spores and the mycelium showed an insigniWcant contribution to the overall abiotic decay (data not shown).
PCP biotic degradation in co-metabolic conditions (GMM) PCP d and the percentage of G r measured in the 17 fungal cultures in co-metabolic conditions (GMM) are presented in Table 1 . The fungus micro-cultures were treated as a single sample, selecting only the individual wells that reported the same growth behaviour. Independent runs indicated the cultures behaviour to be consistent (data not shown), and replicates of the same fungus showed a consistent standard deviation (<10%) for PCP decay. The chloramphenicol concentration measured chromatographically was use to infer the cultures' Wnal volume, allowing to calculate accurately PCP decay in media (thus eliminating errors introduced by evaporation).
PCP decay observed in the cultures fully inhibited by the toxic was 29 § 10%, agreeing with the abiotic decay determined in the non-inoculated GMM controls. In these cultures glucose was not consumed, or only minor consumption was detected (·20%), conWrming the growth inhibition data. Active fungal growth results in glucose exhaustion from the media (Table 1 ). In view of that, overall decay of PCP in the active growing cultures has only a minor contribution from abiotic decay of PCP (¸7.5 § 1.5%). Glucose quantiWcation for diVerent replicates showed a consistently low standard deviation (·2%). Amongst the isolates tested, those able to degrade PCP in all concentrations in order of eYciency were: P. brevicompactum and P. olsonii > P. janczewskii > P. glabrum > E. hirayamae À T. longibrachiatum. Only three isolates completely consumed the PCP from the media: T. longibrachiatum and M. plumbeus > P. glandicola, up to PCP initial concentration of 10 and 5 mg/l, respectively. The moderate (»50-75%) and the weakest (<45%) PCP consumers were P. decumbens > P. variabile > P. fennelliae and C. sitophila (PCP up to 15, 10 and 5 mg/L) and P. adametzii and P. corylophilum > C. herbarum (PCP up to 15 and 10, respectively). P. restrictum and P. diversum were unable to degrade PCP, although they can still grow in the presence of 5 mg/l of PCP.
Cluster analysis of PCP biotic degradation in co-metabolic conditions (GMM)
The relationships between the capacities of the isolates to tolerate and degrade PCP co-metabolically were established by using a hierarchical cluster analysis. In the resulting tree (depicted in Fig. 2 ), the branch lengths reXect the degree of dissimilarity between the fungal strains. There are six main clusters (cutoV rescaled distance of six) that separate the isolates by their PCP bioremediation potential (accounting for, equally, the species tolerance level and PCP degradation capacity): high (I and II), moderate (III, IV), low (V) and null (VI). In fact, cluster VI can be regarded as the outlier group due to the apparent inability of the isolates, P. restrictum and P. diversum, to degrade PCP. The fungal species with the strongest bioremediation potential are the most tolerant ones: P. brevicompactum, E. hirayamae, P. janczewskii, P. olsonii and P. glabrum, with the exception of T. longibrachiatum. The latter has only scarcely grown in the presence of 20 mg/l of PCP, as shown by the high G r content.
PCP biotic degradation by fungi in metabolic conditions
PCP metabolism by some of the tested fungal isolates was observed in MM containing PCP up to initial levels of 5 mg/l. Interestingly, amongst the 17 isolates tested only M. plumbeus, P. glandicola, C. sitophila, P. janczewskii and T. longibrachiatum were able to consume PCP and have tolerated the toxic in a distinctive way (Table 2) . From these, only C. sitophila and T. longibrachiatum failed to grow in the presence of 5 mg/l, yet completely metabolised PCP at an initial concentration of 2.5 and 1 mg/l, respectively. 
Analysis of PCP metabolic intermediates
Each fungal culture produced a PCP-speciWc chromatographic footprint (UV 230 nm), which was highly consistent between replicates (see "Detection of PCP degradation intermediates" above). They can be regarded qualitatively as the metabolic Wngerprinting of the extracellular metabolites of the fungus, which can be computed so as to select solely the peaks, species speciWc, which are PCP dependent. The putative identity of PCP degradation intermediates (in MM and GMM) was made through analysis of the similarity of the chromatographic peaks and retention times (T r ) with that of the standard compounds. Only in cometabolic conditions could the newly formed peaks be associated to the standards, as depicted in Fig. 3 , e.g., P. variabile. The putative identiWcation of CHQ was possible for the cultures of C. sitophila, P. corylophilum, P. glabrum, P. glandicola, P. janczewskii and P. variabile; 2,6-dichloro-1,4-benzoquinone (DCBQ) in the cultures of C. herbarum, P. decumbens and T. longibrachiatum; and tetrachloro-1,4-benzoquinone (TeCBQ) in the cultures of P. adametzii.
Discussion
The species diversity amongst the cork-colonising fungal communities is largely inXuenced by the origin of the cork, explaining some of the discrepancy found in the strains reported by diVerent authors [1, 2, 8, 11, 17, [26] [27] [28] [29] . In this study, the fungal strains used were isolated from cork bark samples, which were collected during plank preparation for the manufacture of stoppers. Within this community Penicillium spp. is the dominant genus, agreeing with the previous reports on cork microbiology [26] . From the 17 fungal strains tested, only 1 belongs to the Zygomycota phylum (Mucor sp.), while the remaining 16 belong to the Ascomycota phylum (13 Penicillium spp., one Trichoderma sp., one Cladosporium sp. and one Chrysonilia sp.). The capacity of ascomycetes and zygomycetes fungi to tolerate and degrade PCP in a submerged culture has seldom been studied. Our aim was to evaluate individually the signiWcance of these strains for PCP degradation. The maximum concentration of PCP used in the cultures was 20 mg/l providing the PCP in a bio-available fraction (PCP solubility in water is »18 and 20 mg/l at 20 and 25°C, respectively). The degree of abiotic degradation in the noninoculated controls (after incubation in the dark) was higher than that previously reported by other authors, 8% after 12 days [24] or null after 8 days [34] , probably due to the high incubation periods used here (40-60 days). Also, the abiotic decay was found to be higher in the GMM (»30%) than in the MM media (7.5%). PCP photolytical degradation in water has been reported to produce lower chlorinated phenols and chlorinated dihydroxybenzenes, which can be ultimately mineralised to CO 2 [37] . The 230-nm chromatographic peak lists of the abiotic decay controls were not altered after incubation, suggesting PCP volatilisation or transformation to compounds not absorbing at 230 nm. This was apparently favoured in the GMM, relative to the MM.
From the 17 strains tested, all were observed to tolerate PCP co-metabolically (Table 1) . PCP is known to strongly aVect spore germination, even in cultures of the highly Fig. 3 Chromatographic proWles (between 6 and 32 min) of P. variabile culture extracts after growth in GMM (negative control) and in GMM containing PCP (initial concentrations of 5 and 10 mg/l). Some of the newly formed peaks are labelled with an arrow, and the peak eluting at 12.6 min was putatively identiWed as CHQ. PCP decay in media, under co-metabolic conditions, was 74 and 22% for PCP initial concentrations of 5 and 10 mg/l, respectively. The peaks eluting at 30.3 and 17.5 min correspond to PCP and chloramphenicol, respectively eYcient PCP degrading white rot fungus P. chrysosporium, which has been reported to stop germination in the presence of 4 mg/L of PCP, with this eVect only being circumvented when the toxic was added to the growing mycelium [16] . Surprisingly, in this work, the spores of all the strains tested were able to germinate in the presence of 5 mg/L of PCP (GMM) ( Table 1) . Below the species toxic MICs, increasing PCP concentration in media resulted in unchanged or apparently reduced biomass (data not shown). The latter is demonstrated in Fig. 1 for C. sitophila (5 mg/l) and M. plumbeus (5 and 10 mg/l) and has been previously observed in cultures of the basidomycetes P. sordida and P. chrysosporium, where high concentrations of PCP have greatly decreased mycelial extension rates [12] .
The phylum Ascomycota is taxonomically a heterogeneous group, consequently reXecting a rather diverse behaviour in the degradation capacity of PCP [23, 24] . In fact, while analysing their PCP bioremediation potential under co-metabolic conditions, the 16 tested ascomycetes have clustered in 6 diVerent groups ( Fig. 2 ) with the strains P. diversum and P. restrictum as the outlier group. The latter were able to germinate in 5 mg/l PCP, but completely failed to degrade it. Other environmental strains of the phylum Ascomycota have previously been reported to eYciently degrade PCP co-metabolically (e.g., Trichoderma sp. [5, 6] , some Penicillium spp. [24] and Cladosporium sp. [3] ).
Mucor plumbeus, the only zygomycete strain in this cork-colonising community, completely removed PCP in the GMM (up to 10 mg/l). The phylum Zygomycota is, relative to the Ascomycota, taxonomically a more homogenous group and, although devoid of ligninolytic activities, has been previously reported to extensively deplete PCP [22] . For example in the case of Rhizopus nigricans, while failing to sporulate in PCP liquid medium, 12.5 mg/l PCP could be eYciently co-metabolised [34] . Furthermore, the zygomycete M. ramosissimus was also observed to eYciently degrade PCP [32] .
Very eYcient PCP degradation was observed in the cultures of four ascomycetes, P. glandicola, C. sitophila, P. janczewskii and T. longibrachiatum and the zygomycete M. plumbeus, under metabolic conditions (MM) ( Table 2) . These strains tolerated the toxic in a distinctive way, but all could completely remove PCP from the media at an initial concentration of 1 mg/l. This has been reported in cultures of the brown rot basidomycete Gloephyllum striatum, which is devoid of ligninolytic activities, but in a submerged culture degraded 1.3 mg/l PCP more eYciently in metabolic than co-metabolic conditions [9] .
The chromatographic proWles of the fungal cultures, where the recovered PCP was signiWcantly reduced, revealed the appearance of a variable number of new peaks indicating their active biotransformation (ca. 10 and 3 novel peaks per degrading culture in co-and metabolic conditions, respectively). However, from our results, it cannot be excluded that another process (such as bioaccumulation) also may be involved. At this stage, eVorts to identify the intermediate products of PCP degradation were made solely by comparing the chromatographic features of the peaks with that of pure compounds. Under co-metabolic conditions some PCP sub-products were putatively indentiWed: TeCBQ (P. adametzii), DCBQ (C. herbarum, P. decumbens and T. longibrachiatum) and CHQ (C. sitophila, P. corylophilum P. glabrum, P. glandicola, P. janczewskii and P. variabile) (Fig. 3) , thus suggesting a PCP degradation pathway similar to that previously described for P. chrysosporium [20] . On the other hand, under metabolic conditions, none of the newly formed peaks could be associated to the standard compounds.
The potential of cork-colonising fungi to degrade chlorophenols has previously been analysed (e.g., [1, 14, 18, 28] ). In one study, the majority of the fungal strains tested have transformed 2,4,6-trichlorophenol (TCP) (1 mg/l) in the corresponding anisole [1] . On the contrary, in an earlier study, some ascomycetes strains, including C. sitophila, degraded the chlorophenol in a rather heterogeneous fashion, but its methylation was not the preferential pathway [28] . This discrepancy is due to the diVerent experimental conditions used, namely the nitrogen source used. A similar eVect was reported in diVerent studies on P. chrysosporium that degraded eYciently both chlorophenols: TCP [21] and PCP [12, 20] , forming the corresponding anisoles as vestigial or major intermediates under high-carbon-low-nitrogen conditions and high-carbon-high-nitrogen conditions, respectively. Interestingly, in the study reported here, pentachloroanisole was not detected in any of the culture extracts, neither in GMM or MM, with both media containing nitrate as the sole nitrogen source.
Conclusion
The purpose of this study was to assess the behaviour of each of the 17 fungal species tested from the cork-colonising community during co-and direct metabolism of PCP. Our data further emphasise the signiWcance of fungi belonging to a phylum other than Basidiomycota to have an interesting potential to be used in PCP biodegradation processes. In fact, 15 of the 17 strains tested could degrade PCP to a certain extent. Additionally, PCP in media was completely degraded co-metabolically by T. longibrachiatum, P. glandicola and M. plumbeus and metabolically by those and P. janczewskii and C. sitophila. Additional studies will be carried out to investigate in the most eYcient fungal strains the identity of PCP degradation intermediates, aiming to better understand its degradation pathways.
